A self-assembled 3D foam-like NiCo2O4 catalyst has been synthesized via a simple and environmental friendly approach, wherein starch acts as the template to form the unique 3D architecture. Interestingly, when employed as a cathode for lithium oxygen batteries, it demonstrates superior bifunctional electrocatalytic activities toward both the oxygen reduction reaction and the oxygen evolution reaction, with a relatively high round-trip efficiency of 70% and high discharge capacity of 10 137 mAh g-1 at a current density of 200 mA g-1, which is much higher than those in previously reported results. Meanwhile, rotating disk electrode measurements in both aqueous and nonaqueous electrolyte are also employed to confirm the electrocatalytic activity for the first time. This excellent performance is attributed to the synergistic benefits of the unique 3D foam-like structure and the intrinsically high catalytic activity of NiCo2O4. A self-assembled three-dimensional (3D) foam-like NiCo2O4 catalyst has been synthesized via a simple and environmental friendly approach, wherein starch acts as the template to form the unique 3D architecture. Interestingly, when employed as cathode for lithium oxygen batteries, it demonstrated superior bi-functional electrocatalytic activities towards both the oxygen reduction reaction and the oxygen evolution reaction, with a relatively high round-trip efficiency of 70% and high discharge capacity of 10137 mAh g -1 at a current density of 200 mA g -1 , which is much higher than those in previously reported results. Meanwhile, rotating disk electrode measurements in both aqueous and non-aqueous electrolyte were also employed to confirm the electrocatalytic activity for the first time. This excellent performance is attributed to the synergistic benefits of the unique 3D foam-like structure and the intrinsically high catalytic activity of NiCo2O4.
Introduction
Intensive research efforts worldwide are being devoted to the realization of a new generation of lithium oxygen batteries, as a result of their high theoretical specific energy, which is almost ten times that of Li-ion batteries.
[1,2] Such batteries are the technology of choice for the electrification of transport and are expected to find application in static electricity storage, especially in grid distribution networks. [3] Although the reaction mechanism of lithium oxygen batteries is simple and straightforward, the practical use of lithium oxygen batteries has been restricted by numerous scientific challenges, including high discharge-charge overpotential, low energy efficiency, poor rate capability, and especially short cycle life, which are caused by the sluggish kinetics of the oxygen reduction reaction (ORR) and the oxygen evolution reaction (OER). [4] It has been demonstrated that the performance of Li-O2 batteries is strongly determined by both the materials and the architecture of the oxygen electrodes, which contribute most of the voltage gap and cyclic capability of such batteries. [5] Various catalysts have been studied for Li-O2 batteries to overcome these challenges. [ 
3, 4, 6-15]
Among them, NiCo2O4, a typical ternary spinel nickel cobalt oxide with the advantages of low cost, natural abundance, higher electronic conductivity than those of Co3O4 and NiO, and especially good bi-functional catalytic activity towards the ORR and OER, has aroused much interest for use as an electrocatalyst for Li-O2 batteries. [16] [17] [18] [19] [20] A NiCo2O4 nanowire array grown on carbon cloth was reported as cathode for Li-O2 batteries, but only a capacity of approximately 1000 mAh g -1 was delivered, which was because the active sites only exist on the tips of the NiCo2O4 nanowires. [21] To achieve a higher capacity, Wang et al. synthesized mesoporous NiCo2O4 nanosheets via a hydrothermal method, and higher reversible capacity was demonstrated, as well as good cycling stability. [18] Although enhanced electrocatalytical performances of NiCo2O4 have been reported, they are far from satisfactory, either due to low capacity or to high discharge-charge overpotential, [22] which may be largely due to their unfavourable cathode structure.
Generally speaking, an ideal oxygen electrode requires a highly conductive and porous structure to facilitate both electron and oxygen transportation. [23] [24] [25] Typically, in a lithium oxygen battery, the formation of Li2O2 only occurs on the triple junctions where electrolyte, catalytic active sites, and oxygen coexist. The more tri-phase regions, the more Li2O2 will be produced, and therefore, higher capacity can be delivered from the battery. [21] The threedimensional (3D) skeleton structure has drawn much attention for the design of the oxygen electrode, according to previous reports, due to the following advantages: [ and a voltage gap of no more than 0.5 V was achieved, which can be ascribed to the Ni foam skeleton, which provided continuous pathways for O2. [29] Although deposition of catalyst on nickel foam can form an interconnected porous structure, contact resistance still exists between the catalyst and the nickel foam, which inevitably causes overpotential during charge and discharge processes. [30, 31] Moreover, the pores and tunnels of the commercial nickel foam are large (usually 200 µm in diameter), which correspondingly decreases the surface area of the catalyst loaded on it. Meanwhile, these too large pores are usually flooded by the electrolyte, forming two-phase instead of three-phase regions. [26] Therefore, the development of a well-designed 3D foam-like cathode architecture by integrating small porous channels in it will be a good choice for enhanced Li-O2 batteries. [33] In this work, we used environmentally friendly starch as a template, and a self-assembled 3D
foam-like NiCo2O4 framework with mesopores inside was obtained. It is expected that during discharge, the large macro-tunnels can function as "highways" to supply oxygen to the interior parts of the cathode, while the mesopores on nanowalls are the "exits" to provide the triple junctions (solid-liquid-gas) required for the oxygen reduction reaction and act as centres for Li2O2 crystallization. [30] Rotating disk electrode (RDE) measurements both in aqueous and non-aqueous electrolytes were employed to explore the electrocatalytical properties of the as prepared 3D foam-like NiCo2O4. Remarkably, the as-prepared hierarchically self-assembled 3D-structured NiCo2O4 manifested improved catalytic performance, with a high round-trip efficiency of 70% and a stable lifespan of 80 cycles for lithium oxygen batteries. The as-prepared gel was directly dehydrated via a freeze-drying process to maintain the 3D architecture and then heated at 380 ºC for 5 h in air atmosphere. The final product from this process shows a black loose appearance with the same shape as the former gel. According to a previous report, [37] the starch template can be completely removed at 380 ºC in air.
Results and Discussion
In the process, the starch template plays two main roles in the formation of the 3D foam-like contributions, which can be denoted as O1, O2, and O3, respectively. Usually, the O1 peak at 529.1 eV is typical of metal-oxygen bonds, [13, 40] while the O2 peak located at 530.7 eV is assigned to the OH -groups. The presence of this component in the O 1s spectrum indicates that the surface of the NiCo2O4 is hydroxylated to some extent due to either surface oxyhydroxide or the substitution for oxygen atoms at the surface by hydroxyl groups. [13, 33] The O3 contribution at 532.7 eV is usually associated with defects, contaminants, and a number of surface species, including chemisorbed oxygen, under-coordinated lattice oxygen, or species intrinsic to the surface of the spinel. [ They can be assigned to the (100), (101), and (110) peaks of Li2O2 (as highlighted in Figure   7a ). These peaks indicate that Li2O2 is a major crystalline discharge product. [ 
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